INTRODUCTION {#rrx035s1}
============

New laser-generated electron acceleration technology has been developed over the last decade. Laser-generated electron beams are distinguished from conventional, quasi-continuously accelerated particles by ultrashort beam pulses in the femtoseconds to picoseconds duration range \[[@rrx035C1]\]. Since the outcomes of most radiation-induced chemical reactions are determined by very fast processes, the application of ultrashort beam pulses can elucidate primary events triggered by the radiation. The identification of those primary events is essential in radiobiological studies for complete understanding of the effects of irradiation \[[@rrx035C2]\].

Recently, several *in vitro* and *in vivo* studies of the radiobiological effects of pulsed laser--generated electron and proton beams in the megaelectron volt energy domain have been undertaken using various cells, biological end points, and beam parameters \[[@rrx035C3]--[@rrx035C9]\]. For the majority of these studies, the impact of ultra-high-pulse dose rates on the radiobiological outcome was not reported \[[@rrx035C10]\]. According to the Beyreuther *et al.*, increasing the electron energy to achieve a high dose rate with low-frequency pulses has no influence on the radiobiological effectiveness *in vitro* \[[@rrx035C11]\]. The aim of the present study was to determine (by varying the frequency of the pulses) the dose-rate effect of ultrashort pulses of 4 MeV electron beam radiation on DNA damage and repair in human cells.

MATERIALS AND METHODS {#rrx035s2}
=====================

Cell culture and irradiation {#rrx035s2a}
----------------------------

The K562 (human chronic myeloid leukemia) cell line was maintained in RPMI-1640 (Sigma Aldrich, Germany), supplemented with 10% fetal bovine serum (HyClone, UK), 2 mM L-glutamine (Sigma Aldrich, Germany), 100 IU/ml penicillin (Sigma Aldrich, Germany) and 100 μg/ml streptomycin (Sigma Aldrich, Germany) at 37°C.

Radiation treatment was carried out using an electron beam generated by a laser-driven radiofrequency gun-based linear AREAL accelerator. The characteristics of the AREAL accelerator have previously been described \[[@rrx035C12]\]. The parameters of the AREAL laser-generated electron beam are presented in Table [1](#rrx035TB1){ref-type="table"}. Table 1.Characteristics of the AREAL laser-generated electron beamAREAL beam parametersUV laser parametersBeam charge (pС)30Wavelength (nm)258Electron energy (MeV)4Pulse energy200Pulse duration (fs)400Repetition rate (Hz)2/20Pulse repetition rate (Hz)2/20Energy stability\<2%Beam spot (mm)15Beam divergence (mrad)\<0.3Norm. emittance (mm-mrad)\<0.5Beam diameter (mm)4.0RMS (root-mean-square) energy spread\<1.5%Online dose informationFaraday cup

Prior to irradiation, 2 ml of cell suspension was seeded in Eppendorf tubes (Sigma Aldrich, Germany) at a density of 0.5 × 10^5^ cells/ml. For cell irradiation, each sample was placed in a sample holder facing towards the horizontal beam coming from the direction of the vacuum window, thus minimizing the material in front of the cell suspension. Cell samples were placed horizontally at the center of a 1 cm × 1 cm area at 1 cm from the beam exit point of the accelerator. Cells were irradiated on ice \[[@rrx035C13]\], with doses of 2, 4 and 8 Gy, and at the 'low' dose rate (LDR) of 3.6 (repetition rate 2 Hz) and the 'high' dose rate (HDR) of 36 Gy/min (repetition rate 20 Hz). Non-irradiated cell cultures were used as a control.

Comet assay {#rrx035s2b}
-----------

To estimate the wide range of DNA damages and repair, the alkaline comet assay was carried out \[[@rrx035C14]\] at 0 h and 24 h time points after irradiation of cell samples. Since the comet assay allows observation of differences in the patterns of DNA damage immediately after irradiation, the 0 h time point was selected to estimate the primary DNA-damage distribution. The 24 h incubation period after irradiation was selected in order to observe the recovery of the majority of the DNA damage \[[@rrx035C15]\]. To quantify the level of DNA damage, the extent of DNA migration was defined using the 'Olive Tail Moment' (OTM), which is the relative amount of DNA in the tail of the comet multiplied by the median migration distance. The comets were observed with a fluorescence microscope Zeiss III RS (Germany) equipped with a 560 nm excitation filter, a 590 nm barrier filter and a charged coupled device (CCD) PCO video camera (Germany). At least 150 cells were examined for each experimental point. Images were analysed using Comet Assay IV software (Perceptive Instruments, UK).

Statistical analysis {#rrx035s2c}
--------------------

All experiments were repeated at least three times; triplicate cultures were scored for an experimental point. Experimental values were expressed as mean ± SEM. The non-parametric Mann--Whitney test was used for statistical analysis, and *P* \< 0.05 was considered to indicate a statistically significant value. The R statistical software was used for distribution analysis.

RESULTS AND DISCUSSION {#rrx035s3}
======================

The effect of ultrashort electron beam irradiation on DNA damage and repair {#rrx035s3a}
---------------------------------------------------------------------------

The dose and dose-rate effects of ultrashort pulses of electron beam irradiation on DNA damage and repair, obtained by comet assay of cancer K562 cells, are presented in Table [2](#rrx035TB2){ref-type="table"}. Table 2.The level of DNA damage in K-562 cells after 0 and 24 h of irradiation with ultrashort pulses of the electron beamDose, GyMean (OTM) ± SEM3.6 Gy/min36 Gy/min0 h24 h0 h24 h05.08 ± 1.917.67 ± 2.736.05 ± 2.734.26 ± 0.40220.39 ± 6.24\*12.24 ± 5.61^\#^19.09 ± 2.11\*9.17 ± 2.43\*^\#^435.04 ± 8.82\*8.06 ± 4.63^\#^28.01 ± 1.84\*10.05 ± 3.24\*^\#^829.35 ± 8.22\*5.39 ± 2.02^\#^31.18 ± 3.08\*13.39 ± 1.58\*^\#^[^1]

The dose-dependent increases in DNA damage, expressed as OTM values, are shown immediately after irradiation of up to 8 Gy at the LDR (3.6 Gy/min) and HDR (36 Gy/min). The range of OTM values at 0 h corresponded with the data reported in the literature for the similar doses of irradiation \[[@rrx035C16]\]. After 24 h of LDR irradiation, the levels of DNA breaks in K562 cells were significantly lower than immediately after exposure and did not differ from the corresponding control. Thus, the detected radiation-induced DNA damages can be regarded as having been completely reparable. The gradual decrease in the OTM values as the dose increased at 24 h in the LDR data can be explained by the elimination of non-viable cells with highly damaged DNA. Despite the significant decrease in the DNA breaks 24 h after HDR irradiation up to the dose of 8 Gy, the OTM values remained significantly higher compared with that of the corresponding control. Thus, DNA damages from HDR irradiation can be considered as partially reparable.

The probability distributions of OTM values {#rrx035s3b}
-------------------------------------------

The distribution of the OTM (which is considered to be a sensitive indicator of DNA breakage) was analysed. The Weibull distribution was applied to fit the comet data.

The probability distribution of the OTM values for K562 cells irradiated with a dose of 8 Gy compared with that of the control is presented in Fig. [1](#rrx035F1){ref-type="fig"}. Immediately after irradiation at the HDR (Fig. [1](#rrx035F1){ref-type="fig"}c), the shift to a higher OTM and a broadening in the comet distribution was observed (compared with the LDR) (Fig. [1](#rrx035F1){ref-type="fig"}b). Although, the HDR and LDR irradiation with doses up to 8 Gy leads to approximately the same mean level of DNA damage, the distributions of this damage are different. Thus, the differences in the distribution of the DNA damage can be the reason for the above-mentioned varying levels of repair in cells irradiated with HDR versus LDR irradiation. The shift to the higher OTM values in this case suggests the formation of highly damaged DNA, leading to the accumulation of unreparable DNA damages.

![Probability distribution of the OTM value for unirradiated K-562 cells (a) and those exposed to 8 Gy with the ultrashort electron beam at low (3.6 Gy/min) (b) and high (36 Gy/min) (c) dose rates at the 0 h time point after irradiation.](rrx035f01){#rrx035F1}

After 24 h of irradiation, the shift to lower OTM values was evident due to DNA repair (Fig. [2](#rrx035F2){ref-type="fig"}b and c). In the case of the LDR irradiation, the distribution of the DNA damages was similar to that of the control (Fig. [2](#rrx035F2){ref-type="fig"}a and b). However, some cells with residual DNA damage were still present. In the case of HDR irradiation, the OTM was shifted towards higher values, demonstrating the presence of cells with highly damaged DNA (Fig. [2](#rrx035F2){ref-type="fig"}c). Thus, the lower level of repair in the cells irradiated with HDR irradiation, compared with LDR, can be explained by an accumulation of cells with higher levels of DNA damage.

![Probability distribution of the OTM value for unirradiated K-562 cells (a) and those exposed to 8 Gy with the ultrashort electron beam at low (3.6 Gy/min) (b) and high (36 Gy/min) (c) dose rates at the 24 h time point after irradiation.](rrx035f02){#rrx035F2}

So, our results indicated that increasing the dose rate via changing the frequency of the pulses led to an increase in the complexity of the DNA damages, with a consequent decrease in their reparability. Previously, the dose-rate effect in the range of 1--5 Gy/min was described in radiobiological studies using conventional accelerators \[[@rrx035C17]\]. The irradiation time in the range of minutes to hours was comparable with that of the radiation response, since the biological processes (repair, repopulation or reoxygenation), starting after 10--15 min of irradiation \[[@rrx035C18]\], can modify the radiation effect. So, longer exposure with LDR irradiation leads to a lower radiation effect, and the shorter exposure with HDR irradiation leads to a higher radiation effect. We demonstrated the dose-rate effect of an ultrashort pulsed electron beam at 3.6 Gy/min (the duration was \<6 min) and at 36 Gy/min (the duration was \<40 s) at a low temperature, when the DNA repair was minimized, and repopulation and reoxygenation factors were excluded. Thus, it can be assumed that the observed dose-rate effect on DNA damage and repair is mainly caused by primary lesions appearing at the moment of irradiation. The reduced reparability of DNA damages in HDR-irradiated cells compared with in LDR-irradiated cells may be associated with the formation of more complex DNA clustered damages.

The latest *in vivo* data has demonstrated that pulsed, ultrahigh-dose-rate electron irradiation increases the differential response between normal and tumor tissue, although the molecular mechanisms underlying those differential responses are still unknown \[[@rrx035C6]\]. Thus, our preliminary findings can enhance future radiobiological studies on the elucidation of dose-rate effect mechanisms. Our results may also be useful in the development of effective parameters for the clinical application of pulsed ultrashort electron beam radiation.
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[^1]: \**P* \< 0.05 in comparison with the corresponding control; ^\#^*P* \< 0.05 in comparison with the corresponding data at the 0 h time point.
